Human cytomegalovirus (HCMV) is a ubiquitous pathogen that can cause severe disease in immunologically immature and immunocompromised patients (5). The strict species specificity of HCMV precludes investigation of the HCMV infection in an animal host. Infection of the mouse with mouse cytomegalovirus (MCMV) is a valuable in vivo model for studying various aspects of CMV pathogenesis (13, 14) . Fast and efficient mutagenesis procedures for MCMV are desirable in order to analyze the role of CMV genes during the disease course in vivo. However, current mutagenesis schemes are difficult, laborious, and time-consuming since CMV replicates rather slowly and mutagenesis relies on rare recombination events in eukaryotic cells (12, 15, 18, 27, 28) . Recently, we reported on a new approach for the generation of herpesvirus mutants that is based on homologous recombination in Escherichia coli (21). To this end, we cloned the MCMV genome as an infectious bacterial artificial chromosome (BAC) in E. coli. Mutagenesis of the MCMV BAC plasmid in E. coli allows one to introduce any kind of mutation (including deletion, insertion, and point mutation) into the MCMV genome.
Human cytomegalovirus (HCMV) is a ubiquitous pathogen that can cause severe disease in immunologically immature and immunocompromised patients (5) . The strict species specificity of HCMV precludes investigation of the HCMV infection in an animal host. Infection of the mouse with mouse cytomegalovirus (MCMV) is a valuable in vivo model for studying various aspects of CMV pathogenesis (13, 14) . Fast and efficient mutagenesis procedures for MCMV are desirable in order to analyze the role of CMV genes during the disease course in vivo. However, current mutagenesis schemes are difficult, laborious, and time-consuming since CMV replicates rather slowly and mutagenesis relies on rare recombination events in eukaryotic cells (12, 15, 18, 27, 28) . Recently, we reported on a new approach for the generation of herpesvirus mutants that is based on homologous recombination in Escherichia coli (21) . To this end, we cloned the MCMV genome as an infectious bacterial artificial chromosome (BAC) in E. coli. Mutagenesis of the MCMV BAC plasmid in E. coli allows one to introduce any kind of mutation (including deletion, insertion, and point mutation) into the MCMV genome.
The original MCMV BAC plasmid, pSM3, and the corresponding genome of recombinant virus MC96.73 (21) contain a deletion of a nonessential genome region, extending from nucleotide (nt) 209756 to nt 217934, of MCMV strain Smith (24) and comprising open reading frames m151 to m158. Deletion of this genome region was required for integration of BAC vector sequences (21) . Although the deleted genes are nonessential for replication in cell culture, they probably play a role during the disease course in vivo. For example, a spontaneous MCMV mutant (4), as well as engineered MCMV recombinants (6, 8, 11, 19) with genome deletions, showed wild-type (wt)-like replication in vitro but were all attenuated in vivo. In addition, the BAC vector sequences remained inserted in the recombinant MC96.73 genome and could cause unpredictable effects in vivo.
The MCMV BAC virus MC96.73 is attenuated in vivo. To test the virulence of the recombinant virus MC96.73, newborn BALB/c mice were infected with virus MC96.73 or wt MCMV and monitored for 30 days. Infection with wt MCMV resulted in a mortality rate of 60%, whereas all MC96.73-infected mice survived (Fig. 1) . Thus, as expected, the recombinant virus MC96.73 is less virulent than wt MCMV and of only limited value for mutagenesis and in vivo studies.
Construction of the full-length MCMV BAC plasmid pSM3fr. To reconstitute recombinant viruses with biological properties similar to those of the wt we decided to (i) reinsert the missing MCMV sequences into the MCMV BAC plasmid pSM3 and (ii) to make it possible to excise the BAC vector sequences from the recombinant virus genome. Reinsertion of the missing sequences with the newly established mutagenesis technique (21) should be possible since there are no size constraints for an MCMV BAC plasmid in E. coli. Recombination can be used to delete a genomic region located between homologous sequences. To eliminate all nonviral sequences from the recombinant genome the BAC vector was therefore flanked with short identical viral sequences (Fig. 2) , in order to generate a substrate for homologous recombination which is selectively used during virus reconstitution in cells.
To reintroduce the missing sequences the recombination plasmid pObfg was generated. For its construction plasmid HindIII EЈ⌬B, which contained the 17-kbp HindIII-BamHI subfragment of the MCMV HindIII EЈ fragment (20) cloned in pACYC184 (7) was digested with AvrII and BamHI, releasing a 6.1-kbp fragment, and an oligonucleotide adapter (5Ј-CTA GCG GCC GCT TAA TTA AGG ATC CAC TAG TAA GCT T-3Ј) containing NotI, SpeI, and HindIII sites (underlined) was inserted. Then, a 2-kbp NotI-XbaI fragment derived from plasmid pKSO-gpt (21) and carrying a part of the BAC vector was inserted between the NotI and SpeI sites of the adapter. Finally, the complete insert was excised as a 12.9-kbp HindIII fragment and transferred into the HindIII site of plasmid pMBO96 (23) , resulting in shuttle plasmid pObfg. Plasmid pObfg provided the EcoRI fragments O, b, f, and g flanked by sequences homologous to the integration site in plasmid pSM3 that were required for homologous recombination ( (2, 3) suggest that there is a relatively tight constraint on the length of DNA that can be encapsidated into virions. The BAC-containing genomes probably exceed this limit and are poorly packaged. (B) Insertion of the duplicate sequence d* should lead to excision of the BAC vector since the duplicated sequences (short identical viral sequences) (hatched boxes) serve as a target site for homologous recombination. The resulting unit length genomes will be preferentially packaged. This will lead to accumulation of a virus progeny with the wt genome. map 3) that is already present in its authentic position to the right of the BAC vector in plasmid pSM3 (Fig. 3A, map 2) . Integration of the missing sequences by homologous recombination between recombination plasmid pObfg and BAC plasmid pSM3 leads to flanking of the BAC vector with identical sequences in the same orientation (see Fig. 2 and Fig. 3A , map 4).
Homologous recombination in E. coli was performed by a two-step replacement procedure (1, 21, 23) , resulting in MCMV BAC plasmid pSM3fr (Fig. 3A, map 4) . To confirm the successful insertion, the EcoRI restriction pattern of plasmid pSM3fr was analyzed (Fig. 3B, panel 1) . In comparison to the EcoRI restriction pattern of the parental BAC plasmid pSM3, a 3.85-kbp EcoRI fragment was lacking in the fulllength MCMV BAC plasmid pSM3fr, as expected (see Fig.  3A , maps 2 and 4, and Fig. 3B, panel 1 ). Additional fragments of 5.7, 2.5, 1.3, 0.7, and 0.53 kbp correspond to EcoRI fragments O, Z, b, f, and g (Fig. 3B, panel 1 ; the latter two bands are not shown). The 1.85-kbp EcoRI fragment in BAC plasmid pSM3fr results from the duplicate sequence d* and part of the BAC vector sequence (see Fig. 3A, map 4 ). These results demonstrate the successful reconstitution of the complete MCMV sequence and the introduction of the duplicate sequence d* in plasmid pSM3fr. pSM3fr was stable in E. coli CBTS since expression of the RecA protein is stringently controlled (16) and large regions of homologous sequences are required for homologous recombination in this bacterial strain (1) .
Generation of wt genomes by excision of the BAC vector from the MCMV BAC genome. After transfection of the MCMV BAC plasmid into eukaryotic cells we expected homologous recombination via the duplicated sequences leading to excision of the vector sequences and generation of a wt genome (see Fig. 2 and Fig. 3A , maps 4 and 5). During construction of the original MCMV BAC plasmid pSM3 we had observed that overlength genomes are not stable in cells (22) , suggesting that overlength genomes are poorly packaged into viral capsids. Similar observations have been made for other DNA viruses. An overlength of more than 5% over the adenovirus wt genome leads to unstable genomes (2), and EpsteinBarr virus preferentially packages genomes within a very narrow size range (3). Thus, we expected that even when rare recombination events occur at the created target site, preferential packaging of unit length genomes should lead to an accumulation of viruses with the wt genome.
For reconstitution of virus progeny approximately 1.5 g of MCMV BAC plasmid pSM3fr was transfected into mouse embryonic fibroblasts (MEF) by using the calcium phosphate precipitation method (17) . About 5 days posttransfection plaque formation was observed. To allow homologous recombination via the duplicate sequence d* (see Fig. 3A , maps 4 and 5) virus progeny obtained after transfection was passaged on MEF. Supernatant of these cultures was harvested when 100% cytopathic effect was observed in the cultures, and an aliquot (1/20) of the supernatant was used to infect new cell monolayers. The recombinant virus MW97.01 was isolated after the fifth passage and DNA of the MW97.01 virus was prepared from purified virions as previously described (9) . Digestion of MW97.01 DNA with EcoRI revealed a genome structure identical to that of wt MCMV (Fig. 3B, panel 2) . For reinsertion of the EcoRI fragments O, b, f, and g we had used sequences originating from the HindIII EЈ fragment of MCMV strain K181 (10, 20) , because a sequence polymorphism between the MCMV strains Smith and K181 within these fragments proves that the MW97.01 virus is derived from the MCMV BAC plasmid pSM3fr and cannot represent a contamination with the MCMV wt strain Smith. To this end, a part of the 3Ј region of gene m152 (nt 209913 to 210400) was amplified by PCR by using primers m209913-932 (5Ј-GAC TCA CAC ACA GAG GCT GC-3Ј) and m210400-381 (5Ј-GTA CTC CAT CTT CTT CAT GG-3Ј) and DNA of virus MW97.01 and MCMV strain Smith and of plasmid HindIII EЈ (20) as a template. The same primers were used for sequencing of the PCR products. A polymorphism at MCMV nt 210010 (G3A) and 210190 (G3A) in strain K181-derived sequences of the MW97.01 virus and plasmid HindIII EЈ confirmed the origin of the MW97.01 virus.
Rapid excision of BAC vector sequences and accumulation of wt genomes. To examine how efficient wt genomes are generated and accumulate in eukaryotic cells after transfection of the MCMV BAC plasmid pSM3fr, viral DNA collected after each virus passage was analyzed by Southern blotting. Total DNA was isolated from cells transfected with BAC plasmid pSM3fr (Fig. 4B, passage 1) and from cells infected with reconstituted viruses after each of the second to fifth passages (Fig. 4B, passages 2 to 5) . The isolated DNAs and DNAs of plasmid pSM3fr and of virus MW97.01 were digested with the restriction enzyme PmlI (Fig. 4B) , and Southern blot analysis was performed with probe p (nt 217673 to 220817; see Fig.  4A ), which detects an 11.7-kbp band in BAC vector-containing genomes and a 3.1-kbp band in the reconstituted wt genomes (Fig. 4A) . Remarkably, the 3.1-kbp band was already present with high abundance in the progeny of transfected cells (Fig.   FIG. 4 4C, passage 1), indicating that excision of the BAC vector occurs rapidly and quite frequently. The 11.7-kbp band gradually diminished in the DNA preparations (Fig. 4C) , confirming that BAC-containing genomes have a propagation disadvantage compared to wt genomes. The gradual loss of the BAC vector shown in Fig. 4C was consistently seen in three separate reconstitution experiments (data not shown).
To test whether excision of the BAC vector sequences occurs reproducibly, five independent transfections with BAC plasmid pSM3fr were performed. Total DNA was isolated from infected cells collected after each of the first and the fifth passages of the recombinant viruses. PCR with primers b (5Ј-GCC CGC CTG ATG AAT GCT C-3Ј) and g (5Ј-GGA TAC TCA GCG GCA GTT TGC-3Ј), which bind in the BAC vector sequences and in the MCMV EcoRI g fragment, was performed to see whether the isolated DNA still contained genomes with the BAC vector. The presence of a 1,950-bp PCR fragment indicated the presence of BAC-containing genomes. Southern analysis of the PCR products was done with a BACspecific probe (a 600-bp BamHI-EcoRI fragment from the BAC vector pKSO) (21) to detect even minor amounts of the amplified products. In none of the five experiments was a signal found in the DNA preparations isolated from recombinant viruses collected in the fifth passage, whereas positive signals were detected in those collected in the first passage (data not shown). Thus, the BAC-containing genomes had reproducibly disappeared during five virus passages.
Next we asked whether excision of the BAC vector via the duplicated sequences was accurate. PCR was performed with DNA obtained from cells that were infected with recombinant virus in the fifth passage and with DNA of virus MW97.01 by using primers f (5Ј-GGT TAC TGG ATG GGT ACG AG-3Ј) and g (see above), which bind to viral sequences flanking the excision site. A 590-bp fragment was amplified after successful excision of the BAC vector. Sequencing of the PCR products was done with primer f. The sequences of all PCR products obtained from the reconstituted viruses were identical to the corresponding sequence of the MCMV strain Smith (data not shown). Thus, excision of the BAC vector from the reconstituted genomes occurs with high accuracy and the devised strategy can be used for reproducible excision of the BAC vector sequences from the recombinant MCMV genome.
In vivo growth properties of the recombinant virus MW97.01. The recombinant virus MW97.01 has a genome structure indistinguishable from that of wt MCMV. However, minor genome alterations, i.e., point mutations that might have accumulated by passage of the MCMV BAC in E. coli, should escape detection by restriction enzyme analysis. Therefore, we examined the virulence of the MW97.01 virus in vivo as a sensitive test for the biological properties of the recombinant virus. Newborn mice are highly susceptible to MCMV (25) , and infection of such mice can reveal even minor differences between the recombinant virus MW97.01 and wt MCMV. Newborn BALB/c mice were infected with 100 or 1,000 PFU of the MW97.01 virus or wt MCMV. The viruses showed remarkably similar degrees of virulence in vivo (Fig. 5) . While infection with 100 PFU resulted in a mortality rate of about 60% for mice infected with either MW97.1 virus or wt MCMV (Fig.  5A) , infection with 1,000 PFU led to 100% mortality by day 17 (data not shown). To analyze whether the identical mortality rates are reflected by the virus titers in organs of infected mice, BALB/c mice were infected with 100 PFU of the MW97.01 virus or wt MCMV, and virus titers were determined 12 days postinfection. The virus titers in organs of MW97.01-and wt MCMV-infected mice (determined by standard plaque assay as previously described [26] ) showed comparable levels in all organs tested (liver, spleen, lungs, and salivary glands; Fig. 5B ). We concluded from these data that the examined biological properties in vivo of the recombinant virus MW97.01 are comparable to those of wt MCMV.
In this communication we report on three observations relevant for the general use of infectious herpesvirus BACs. First, mutagenesis of herpesvirus genomes in bacteria can be combined with subsequent recombination procedures in eukaryotic cells that operate independently from each other and result in virus genomes free of any bacterial vector sequences. Second, MCMV BAC genomes, although lacking a biological pressure in E. coli, remain remarkably stable as bacterial plasmids. Third, reconstitution of full-length genomes by recombination of fragments from two different MCMV strains results in a virus with wt properties. The genome of the virus MW97.01 can be distinguished from those of both parents by defined nucleotide exchanges. The newly generated MCMV BAC plasmid pSM3fr will serve as the basis for easy and rapid construction of MCMV mutants to study CMV pathogenesis in vivo.
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